Pyrosequencing is a highly effective method for quantitatively genotyping short genetic sequences, but it currently is hampered by a labor-intensive sample preparation process designed to isolate single-stranded DNA from double-stranded products generated by conventional PCR. Here linear-after-the-exponential (LATE)-PCR is introduced as an efficient and potentially automatable method of directly amplifying single-stranded DNA for pyrosequencing, thereby eliminating the need for solid-phase sample preparation and reducing the risk of laboratory contamination. These improvements are illustrated for single-nucleotide polymorphism genotyping applications, including an integrated single-cell-through-sequencing assay to detect a mutation at the globin IVS 110 site that frequently is responsible for b-thalassemia. Ó 2006 Elsevier Inc. All rights reserved.
Pyrosequencing [1, 2] is a sequencing-by-synthesis technology that employs four enzymatic reactions to quantitatively monitor nucleotide incorporation in real time. Nucleotides are sequentially added to a homogeneous solution containing a template-primer hybrid plus several enzymes (Klenow DNA polymerase, potato apyrase, ATP sulfurlyase, and firefly luciferase) and their corresponding substrates (adenosine 5 0 -phosphosulfate [APS] 1 and luciferin). The addition of a nucleotide that is complementary to the base on the template strand immediately following the 3 0 end of the sequencing primer results in incorporation of this nucleotide by the polymerase and release of an equimolar amount of inorganic pyrophosphate (PPi). The pyrophosphate produced in this process is then rapidly used by ATP sulfurylase to convert APS to ATP, which in turn is metabolized by luciferase/luciferin to produce a flash of light with an intensity that is proportional to the number of incorporated bases. Nucleotides that fail to incorporate are degraded by apyrase and a new cycle of addition begins. Sequence is determined from the order and relative magnitude of the light peaks resulting from each nucleotide addition.
Pyrosequencing has advantages over traditional sequencing methods for many applications in that it is faster, provides more quantitative allele ratio information, and does not require labeled primers or electrophoresis. The pyrosequencing technique has become more widely used during the past several years as reaction chemistry [3, 4] and understanding of reaction kinetics [5, 6] and as higher throughput hardware/software (www. pyrosequencing.com) and chemistries [7, 8] have been developed. Published applications have included microbial genotyping [9] [10] [11] [12] , mutation detection [13] , sequencing of heteroplasmic DNA [14] , single-nucleotide polymorphism (SNP) genotyping [15, 16] , SNP allele frequency determination [17, 18] , SNP-based allelic loss mapping [19] , gene copy number change [20] , and CpG methylation analysis [21] [22] [23] .
The pyrosequencing reaction typically is carried out isothermally near 28°C because three of the enzymes involved are heat labile. At these low temperatures, accessibility of the sequencing primer to the DNA target becomes a concern [3] . Most users minimize this problem by sequencing single-stranded DNA (ssDNA) templates where primers do not need to compete with a tightly annealed complementary strand. Single-stranded material generally is obtained from double-stranded PCR products by end-labeling one of the PCR primers with biotin and then using streptavidin-coated beads with either magnetic or vacuum equipment [8] to separate the labeled amplicon strands from unlabeled strands as well as PCR by-products. Although the development of robotically controlled pyrosequencing machines has helped to increase sample throughput, a processing bottleneck remains at this strand separation step. The multistep nature of this sample preparation process also increases the risk of contaminating a laboratory with PCR products. This is of particular concern when later amplifications are initiated with a small number of starting templates and even minimal contamination represents a large fraction of the input sample.
Several alternative approaches for template preparation have been developed previously in an effort to further automate and accelerate sample preparation. One group has reported successful sequencing of double-stranded PCR products after removing interfering PCR components with enzymes and/or blocking oligonucleotides [24] [25] [26] . Although attractive in principle, this method has not come into widespread use, presumably due to the difficulty in optimizing each reaction to yield adequate and consistent signals [27] . Another approach generates single-stranded material by using one 5 0 -phosphate-labeled primer for PCR, followed by digestion with lambda exonuclease [28] . Although this generates single-stranded template, workup is lengthy and PCR by-products must be removed by solid-phase filtration.
Linear-after-the-exponential (LATE)-PCR is a novel, highly robust, asymmetric PCR method that uses unequal concentrations of primers to generate large amounts of ssDNA together with a small fixed amount of doublestranded DNA (dsDNA) [29, 30] . Although the concept of asymmetric PCR has been in the literature for more than 15 years [31] , optimizing reactions to be efficient and reproducible historically has been problematic. LATE-PCR introduces an improved primer design algorithm that results in reliable asymmetric amplifications by taking into account the fact that primer T m is concentration dependent. We recently described additional aspects of LATE-PCR primer design protocols to maximize product specificity and single-stranded product yield [32] .
Here we introduce a rapid, single-tube method for preparing single-stranded template for pyrosequencing and eliminating other interfering PCR components using LATE-PCR and a straightforward, 1-min enzymatic cleanup. Direct amplification of single-stranded material in this approach obviates the need for strand isolation and allows pyrosequencing to be accomplished in the same reaction chamber, thereby significantly reducing the risk of contamination. We demonstrate this technique for biologically relevant SNP genotyping down to the single-cell, singlemolecule level.
Materials and methods

Cells and DNA
Human lymphoblast cell lines heterozygous (GM07425) and homozygous (GM07405) for the b-globin IVS 110 mutation were obtained from the Coriell Cell Repositories (Camden, NJ, USA) and prepared as described previously [33] . Single cells were transferred directly into PCR tubes containing 10 ll of a PCR-compatible, proteinase K-based lysis solution [34] and were incubated at 50°C for 30 min and then at 95°C for 10 min. Previously extracted DNA from frozen gastric biopsies [35] was obtained from a repository maintained by the Seattle Barrett's Esophagus Program at the Fred Hutchinson Cancer Research Center (Seattle, WA, USA).
PCR primers
LATE-PCR primer sets were designed to amplify a 191-bp region containing the b-globin IVS 110 site (human chromosome 11p), a 95-bp region containing the rs858521 SNP site (human chromosome 17p), and a 78-bp region containing the rs2270517 SNP site (human chromosome 17p) using previously described methods [29, 30, 32] . Briefly, primer pairs were selected such that DT m ¼ ðT C. Primer and amplicon T m values were estimated by the nearest neighbor formula [36] and a salt adjustment [37] 
PCR conditions
LATE-PCRs were carried out in a final volume of 25 ll with final concentrations of 3 mM MgCl 2 , 100 lM each of dATP, dGTP, dCTP, and dTTP, 100 nM limiting primer, 1000 nM excess primer, and 1.5 U AmpliTaq Gold DNA polymerase (Applied Biosystems, Foster City, CA, USA) in supplied 1· PCR buffer (50 mM KCl, 15 mM TrisHCl, pH 8.0). In addition to the above, the rs858521 and rs2270517 reactions contained a PCR-enhancing reagent that will be described elsewhere. Reactions were initiated with 20 genome equivalents worth of DNA or with directly prepared single cells as noted. Thermocycling was carried out on an MJ Research PTC-200 thermocycler using the following profiles. IVS 110 amplicon: 95°C for 10 min, followed by 60 cycles (65 for single cells) of 95°C for 10 s, 66°C for 15 s, and 72°C for 20 s; rs858521 and rs2270517 amplicons: 95°C for 10 min, followed by 60 cycles of 95°C for 10 s, 66°C for 10 s, and 72°C for 20 s. Contamination control measures for reaction preparation were as described previously [33] .
Template preparation PCR products were prepared for pyrosequencing either enzymatically or using DNA binding columns. In the first method, residual dNTP and PPi left over from LATE-PCR are removed using apyrase, ATP sulfurylase, and luciferase present in the standard reaction volume of PyroGold enzyme mix (Biotage, Uppsala, Sweden). For this approach, 5.0-7.5 ll of LATE-PCRs was transferred to wells on a PSQ HS 96-well optical plate (Biotage) containing 6.64-9.96 ll of 20 mM Tris-acetate (pH 7.6) with 2 mM MgAc 2 and was placed in a PSQ HS 96A Pyrosequencer (Biotage). A standard pyrosequencing reaction volume of PyroGold enzyme mix and approximately twice (2.09 ± 0.07 [3 SD] as determined by analytical balance) the standard volume of substrate mix (Biotage) was injected into each well using the following instrument settings: enzyme mix pulse time, 23.5 ms; substrate mix pulse time, 44.0 ms; reagent dispensation pressure, 400 mbar. Samples were incubated in the pyrosequencing machine until light output dropped below background signal (61 min), indicating complete digestion of dNTP and PPi. Afterward, 0.36-0.54 ll of 10 lM sequencing primer was added to a final concentration of 300 nM for a total reaction volume of 12-18 ll. Samples were then heated to 80°C for 2 min to heat denature all enzymes and were allowed to cool to room temperature for 10 min. Sequencing primers (Operon Biotechnologies) were as follows:
In addition, IVS 110 reactions contained 900 nM of a 3 0 phosphorylated version of the limiting LATE-PCR primer to prevent amplicon self-priming at the 3 0 end. Alternatively, for separation of leftover dNTP and PPi from PCR using DNA binding columns, PCR products were isolated from 25-ll reactions on MinElute PCR purification columns (Qiagen, Valencia, CA, USA) and eluted in an equivalent volume of 10 mM Tris-HCl (pH 8.5). Then five ll of this elution was used in 12-ll sequencing reactions as prepared above.
Pyrosequencing
Pyrosequencing was carried out at 28°C on an automated PSQ HS 96A Pyrosequencer using PyroGold reagents according to the manufacturer's protocol. After an initial dispensation of enzyme and substrate mixes, the sequencing procedure was accomplished by a stepwise elongation of the primer strand through iterative additions of deoxynucleoside triphosphates and simultaneous detection of resulting light emission.
Results
Logic of LATE-PCR assay design for pyrosequencing
Although several previous reports [24] [25] [26] have described the use of dsDNA templates for pyrosequencing, most pyrosequencing is carried out using ssDNA templates to boost reaction efficiency by preventing complementary strands from competing with the sequencing primer for hybridization to the template strand. LATE-PCR generates more single-stranded product than double-stranded product, thereby making it an attractive method for generating pyrosequencing substrate without an additional strand separation step. The actual amount of single-stranded amplicon produced by the end of the linear phase of a LATE-PCR depends on the number of double-stranded amplicons generated during the initial exponential phase of the reaction, the efficiency of linear amplification, and the number of linear cycles used. The number of doublestranded amplicons, in turn, is fixed by the initial concentration of limiting primer. Thus, in practice the total number of single-stranded molecules produced and the final ratio of double-stranded material to single-stranded material can be adjusted by altering either the number of linear cycles or the ratio of limiting primer to excess primer. In designing LATE-PCRs for pyrosequencing, we sought to strike a balance between maximizing the proportion of single-stranded material in the final product and minimizing the number of thermal cycles required to achieve that level. We found that ample single-stranded DNA is generated when 30 linear cycles are employed with a 100:1000-nM ratio of limiting primer to excess primer.
Direct comparison of LATE-PCR and symmetric PCR products for pyrosequencing
Side-by-side symmetric and LATE-PCR amplifications were carried out using three sets of LATE-PCR primers to directly compare pyrosequencing of dsDNA to pyrosequencing of predominantly ssDNA. LATE-PCR and symmetric PCRs were set up as described in Materials and methods, with the latter reactions using equal primer concentrations of 1000 nM. All reactions were initiated with 20 genomes worth of DNA. After 60 cycles, half of the LATE-PCR amplifications were spiked with an additional 1 ll of limiting primer such that the total amount of incorporated and unincorporated limiting primer equaled the amount of incorporated and unincorporated excess primer (i.e., 1000 nM). An equivalent volume of distilled water was added to the other half of the LATE-PCRs and to all of the symmetric amplifications. All reactions were then subjected to one more cycle of 95°C for 10 s, 65°C for 20 s, and then 72°C for 10 min to convert the single strands in the spiked LATE-PCRs with added limiting primer to a double-stranded form. All samples were then column purified, heat denatured, annealed with a sequencing primer, and subjected to pyrosequencing.
Representative pyrograms from three sequences amplified under LATE-PCR, double-strand-converted LATE-PCR, and symmetric PCR conditions are shown in Fig. 1 . Plots within each row are adjusted to the same relative light unit (y axis) scale. Average single-base incorporation peak heights from quadruplicate PCRs are tabulated in Table 1 . In symmetric and double-strand-converted LATE-PCRs, the average's fraction of the corresponding LATE-PCR signal is noted in parentheses.
Because both the symmetric and converted LATE-PCR samples contain only dsDNA, differences in signal between the two reaction types using the same amplicon are due solely to differences in the amount of final product. In the cases of the rs858521 and IVS 110 symmetric amplifications, average signal strength was slightly better in the symmetric PCR samples than in the corresponding converted samples; hence, slightly more product was made than in the LATE-PCRs. The symmetric amplification of the rs2270517 amplicon yielded 10-fold better signal than the corresponding converted LATE-PCR, indicating that approximately 10 times more symmetric product than LATE-PCR product was made. In all three cases, however, the unmodified LATE-PCR products exhibited higher overall signals than the symmetric PCR products. Only one of three symmetric amplifications (rs2270517) produced strong enough pyrosequencing signals to be used for accurate genotyping, whereas this was the case for all three LATE-PCR amplifications. We conclude that although more template typically is generated by symmetric PCR than by LATE-PCR, less target strand is available in symmetric PCR to hybridize to the sequencing primer due to reannealing of the two complementary strands.
The impact of complementary strand competition can be quantified by comparison of the LATE-PCR and converted LATE-PCRs that contain the same number of pyrosequencing template strands but differ in the extent to which these are single-stranded or double-stranded. Assuming perfectly efficient primer extension during strand conversion, the converted samples contain entirely dsDNA, whereas the unconverted LATE-PCR samples contain primarily ssDNA with a small amount of dsDNA in the background. As seen in Table 1 , the average pyrosequencing signal from converted dsDNA was 7 to 9% of that from the same amount of LATE-PCR product. Thus, on a per-molecule level, LATE-PCR products give a signal that is up to 14-fold stronger than an equivalent number of double-stranded amplicons. This difference may be even greater given that the efficiency of converting ssDNA to dsDNA may, in fact, have been less than 100% under our experimental conditions.
LATE-PCR product cleanup
Raw PCR products are not generally used for pyrosequencing because by-products of the amplification reaction, most significantly unused primers, deoxynucleoside triphosphates, pyrophosphates, and buffers, interfere with the pyrosequencing reaction. Although traditional biotin/ streptavidin separation or other cleanup methods, such as DNA binding columns and ethanol precipitation, can effectively remove these leftover reaction components, they are not conducive to high-throughput applications. Therefore, we sought alternative sample preparation methods that could be accomplished efficiently using single-tube, liquidphase chemistry.
Residual primers in symmetric PCRs need to be either removed or blocked before pyrosequencing because they can be extended by the Klenow DNA polymerase and can confuse sequence determination. In a LATE-PCR amplification, this is unnecessary because none of the limiting primer and only a fraction of the excess primer remain unincorporated at the end of the reaction. If properly designed, the excess primer can prime only at the 3 0 end of the limiting primer strand. The extent to which this occurs is minimal because the limiting primer strand is significantly less abundant (generally 6 one-tenth) than the excess primer strand and also is bound up in a doublestranded form where priming is inefficient. In fact, in accord with the results described above, no signal above background is observed due to excess primer extension along the limiting primer strand in control reactions.
Pyrophosphate and dNTPs left over from PCR also prevent accurate sequence determination because they are metabolized by the pyrosequencing enzymes, resulting in indiscriminant light emission. In addition, dNTPs can be incorporated at the end of the sequencing primer in an unregulated manner and can desynchronize templates for subsequent base additions. Previous investigators have reported the combined use of potato apyrase and yeast pyrophosphatase followed by heat denaturation to effectively break down dNTPs and PPi in PCR products prior to pyrosequencing [24] [25] [26] . In our hands, apyrase and pyrophosphatase were found to efficiently metabolize dNTPs and PPi, respectively, but only apyrase could be adequately inactivated by heating. Pyrophosphatase-treated PCRs retained substantial PPi degrading activity even after 10 min at 100°C. Consistent with other reports [27] , this residual activity was found to negatively affect the accuracy, reproducibility, and signal strength in pyrosequencing reactions (data not shown). As an alternative approach for pyrophosphate digestion, a newly available alkaline phosphatase derived from the Antarctic strain TAB5 [38] (New England Biolabs, Ipswich, MA, USA) was tested. Although fully heat labile, the TAB5 pyrophosphatase activity reported by the manufacturer was found to be insufficient for rapid PCR product cleanup (data not shown).
The most effective enzymatic method for pyrophosphate removal was found to be conversion of PPi to ATP using ATP sulfurylase and APS followed by digestion with apyrase. A convenient source of these reagents is the pyrosequencing enzyme and substrate mixes themselves. The luciferase and luciferin contained in these solutions provide a useful system for monitoring the breakdown of PPi as well as dNTPs. Because both ATP and dATP serve as substrates for luciferase, termination of sample light output serves as a good indicator for cleanup completion. Although the optimal pH for pyrosequencing chemistry is 7.6 and the pH of most PCR products is greater than 8.0, it was found that no adjustment was needed when mixing equal volumes of standard pyrosequencing reaction buffer and PCR products.
Breakdown and monitoring of PPi and dNTPs through the ATP sulfurylase and luciferase pathways requires both APS and luciferin. Different amplicons have different requirements for these reagents during cleanup due to varying amounts of leftover PPi and dNTP after PCR caused by differences in PCR product length, reaction efficiency, and other factors in individual reactions. For the three LATE-PCR amplicons described here, an amount of pyrosequencing substrate mix equivalent to twice that used in a standard pyrosequencing reaction was found to be adequate for enzymatic cleanup. Insufficient APS and/or luciferin during cleanup resulted in nonspecific signal or premature reaction termination during subsequent sequencing (data not shown).
A general concern of enzyme-based PCR cleanup approaches for pyrosequencing is the overproduction of breakdown by-products that may lead to feedback inhibition of enzymes during later sequencing and may reduce the number of bases that can be sequenced. These include SO 2À 4 , oxyluciferin, inorganic phosphate (Pi), dNMPs, and AMP. One way of limiting the pool of Pi and dNMPs is to reduce the concentration of dNTPs used in PCR. Quantitative analysis of the yield of ssDNA LATE-PCR amplicons up to 600 bases long (unpublished observations) has revealed that dNTP concentrations can routinely be lowered to 100 lM without affecting amplification efficiency. Under these conditions, pyrosequencing for more than 50 consecutive bases can be carried out on enzymatically prepared LATE-PCR samples (Fig. 2) .
Adaptation of a traditional pyrosequencing SNP assay to a LATE-PCR format
The rs858521 locus is one of several hundred SNP sites on human chromosome 17 in close proximity to the p53 tumor suppressor gene. When heterozygous, these sites provide useful markers to detect allelic loss in neoplastic tissue [19] , a clinically useful biomarker for cancer development [39] . To efficiently genotype individuals at the rs858521 locus, a traditional strand separation pyrosequencing assay was adapted to a LATE-PCR format. Symmetric PCR primers were modified to meet LATE-PCR primer design criteria as described in Materials and methods and Table 2 . The biotin-labeled symmetric PCR primer was modified to become the LATE-PCR excess primer and thus maintain the same pyrosequencing template strand. This allowed retention of the sequencing primer and base dispensation order from the original symmetric PCR-based assay. Primer adjustments were made at the 5 0 ends to minimize the introduction of new 3 0 mispriming possibilities. The underlined sequences in Table 2 indicate added bases. Fig. 3 shows the pyrograms from LATE-PCR-amplified, enzyme-prepared samples obtained from individuals with each of the three possible rs858521 genotypes. Sample cleanup was completed in less than 1 min.
LATE-PCR-through-pyrosequencing on single cells
An A-to-G mutation at nucleotide 110 of the human b-globin gene is the most frequent cause of b-thalassemia in Eastern Mediterranean populations [40] . Because the lives faced by those afflicted with the disease are short, painful, and a heavy burden on health care systems, reliable and inexpensive techniques for preimplantation and prenatal diagnostics are extremely desirable. To genotype single cells at the IVS 110 site, a robust, PCR-compatible lysis buffer was used to prepare single lymphoblasts in the same tube as used for subsequent LATE-PCR amplification. Using this one-tube method, we previously reported single-cell amplification allele dropout rates of less than 4% [30] . LATE-PCR-amplified material was then enzymatically prepared as above and pyrosequenced. Pyrograms corresponding to the complementary strand of the mutation obtained from homozygous wild-type, homozygous mutant, and heterozygous single cells are presented in Fig. 4 .
Discussion
As more is learned about the role of genetic variants in complex diseases and therapeutic responses in the emerging age of genomics-based medicine, robust and efficient platforms for routine genetic screening will be increasingly needed. Pyrosequencing has emerged over the past decade as a powerful new tool for quantitative genotyping, although this has remained largely a research platform. For realistic use in a clinical or field setting, genetic assays will need to be not only reliable but also high throughput, low cost, automatable, and limited in transfer steps that risk contamination of a facility with PCR products. Here we have presented an integrated method for sample preparation and amplification of single-stranded template for pyrosequencing that improves on each of these features.
The sample throughput rate of commercially available pyrosequencing assays currently is limited by a relatively labor-intensive sample preparation step where singlestranded template is prepared from double-stranded PCR products. In contrast to the standard multitube template preparation method, the LATE-PCR-based approach eliminates the need for time-consuming solidphase workup and can be accomplished in a single reaction vessel without expensive biotinylated primers, streptavidin beads, or purification equipment. A reduced need for material handling decreases the sample-to-sequence time of an assay and reduces the risk of laboratory contamination.
Our LATE-PCR-based approach proved to be significantly more efficient than previous one-tube methods for simplifying sample preparation through the use of dsDNA templates. In a side-by-side comparison of pyrosequencing results obtained using different PCR methods, dsDNA produced less than one-tenth the average signal of predominantly single-stranded LATE-PCR products Furthermore, only one of three symmetric PCR amplicons yielded sufficient signal to be used reliably in a genotyping assay. In contrast, all three sequences gave robust signals when amplified in a LATE-PCR format. In addition, it is necessary to remove or block residual primers when pyrosequencing standard PCR products, whereas this is unnecessary when using LATE-PCR material. Previously reported methods of nonseparation-based primer removal for pyrosequencing have included exonuclease digestion [24, 25] and blockage of primers or primer binding sites with 3 0 phosphorylated complementary sequences [26] . In the first method, the limited catalytic activity of exonuclease I necessitates a 20-min incubation step, and the latter approach adds complexity to initial optimization as well as oligonucleotide cost. LATE-PCR products, on the other hand, were able to be prepared in less than 1 min using only the pyrosequencing reagent mixes. It is not difficult to envision a pyrosequencing machine with expanded fluid-handling capabilities and an integrated thermocycler where sample preparation, amplification, primer annealing, and sequencing could be fully automated using one-tube LATE-PCR chemistry. Perhaps the best format would be in a microfluidic or mesofluidic device where many parallel assays could be rapidly accomplished on a single throwaway wafer or cassette. A limited amount of work has already been done using pyrosequencing chemistry on bead-immobilized DNA in microfabricated chips [41] [42] [43] . Although this technique of micro flow-through pyrosequencing is appealing because it flushes away reaction by-products and prevents reaction dilution, enzymes need to be continually replenished because they are also dispersed at each cycle and light signal can be delocalized. A strategy for immobilizing pyrosequencing enzymes by fusion with DNA binding proteins, so far published only at the macroscale level [44] , offers a potential solution but at the expense of signal strength. Proprietary technology owned by 454 Life Sciences [45] uses an elegant method of flow-through pyrosequencing on a massively parallel scale where both target DNA and enzymes are bead immobilized, but it is structured for genome-wide sequencing rather than targeted sequencing. In instances where low-cost, regionspecific sequencing is needed, such as in many diagnostic, forensic, and biodetection applications, a single-chamber, liquid-phase chemistry may be easiest to incorporate into an automated and cost-effective device.
In summary, we have demonstrated an improved method of preparing and amplifying genetic material for pyrosequencing using LATE-PCR. The simple, reduced-step approach decreases the time, cost, and labor currently associated with pyrosequencing, yet it does not add complexity to assay design. With only simple modifications of PCR primers, existing assays are easily converted to a LATE-PCR form. The unique dynamics of LATE-PCR enables a single-chamber, liquid-phase integration of all steps needed for pyrosequencing and presents a novel tool for developing future high-throughput genetic assays and equipment. , with superscripts corresponding to fractions of nucleotide positions in the samples. For interpretation of (C), it is important to take into account that the nonvarying C base immediately flanking C polymorphism contributes to the height of the C allele peak. Thus, for the homozygous normal sample with 100% C allele and 0% T allele, the addition of the adjacent nonvarying C base makes the C peak 200%. For the heterozygous genotype with 50% C allele and 50% T allele, the C peak height becomes 150% and the T peak becomes 50%. For the homozygous mutant composed of 0% C allele and 100% T allele, the addition of the nonvarying C base makes the C peak 100%. In this sample, the T peak is also 100%.
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